The California Landfalling Jets Experiment (CALJET) was carried out during the winter of 1997/98, in part to study orographic rainfall in California's coastal mountains using coastal wind profilers. This observational study statistically links hourly rainfall rates observed by tipping-bucket rain gauges in California's quasi-linear coastal mountains to the hourly averaged upslope component of the flow measured by coastal wind profilers immediately upstream. Vertical profiles of the linear correlation coefficient of upslope flow versus rain rate are calculated on a case-by-case basis, for all cases containing a low-level jet (LLJ), and for the winter season of 1997/98. These correlation coefficient profiles show a direct relationship between the magnitude of the upslope flow impacting the coast and the magnitude of the rain rate in the downstream coastal mountains. Maximum correlation coefficients are as large as 0.94 in some individual cases, 0.75 for a composite of LLJ cases, and 0.70 for the winter season.
Introduction
During a typical winter, many mountain ranges of the western United States are inundated with copious amounts of orographically enhanced precipitation. Per-haps the largest of these ranges is the Sierra Nevada of California, reaching an altitude of more than 4 km above mean sea level (MSL) and extending horizontally for over 600 km. Because California depends on runoff from the Sierra for its water supply and power generation, numerous investigators (e.g., Myers 1962; Colton 1976; Heggli and Rauber 1988; Meyers and Cotton 1992; Pandey et al. 1999 ) have studied wintertime orographic precipitation associated with this lofty and lengthy mountain range. Though far less dramatic than the Sierra, California's coastal mountain ranges also generate significant orographic precipitation. These modest ranges are typically less than 100 km long and extend upward to only about 500-1500 m MSL, but they can generate orographically induced floods during the landfall of winter storms, incurring millions of dollars in property damage and fatalities (e.g., NOAA 1982; NCDC 1995 NCDC , 1998 . As California's coastal population continues to blossom, orographic floods generated by these mountains pose an increasing threat. Motivated by this threat, the California Landfalling Jets Experiment (CALJET; Ralph et al. 1998 Ralph et al. , 1999 was carried out during the winter of 1997/98. CALJET's experimental objectives led to the offshore deployment of a National Oceanic and Atmospheric Administration (NOAA) P-3 research aircraft and the coastal-zone deployment of an array of wind profilers that measure winds with 100-m resolution from near the surface up to ϳ4 km, well above the highest coastal terrain.
Wintertime precipitation in mountainous terrain is typically enhanced by one of two orographic mechanisms: the low-level growth of falling hydrometeors via the ''seeder-feeder'' process, or the development of convective precipitation elements via the release of potential instability. In the seeder-feeder mechanism, orographic uplift generates or enhances low-level feeder clouds with high liquid water content that cap the mountains. The enhanced liquid water content in the feeder clouds leads to rapid and efficient low-level growth of seeder precipitation falling into the feeder clouds from above (e.g., Bergeron 1965; Storebø 1976; Bader and Roach 1977; Gocho 1978; Browning 1980; Carruthers and Choularton 1983) . The release of potential instability is realized when air parcels are orographically lifted to the level of free convection (e.g., Browning et al. 1974; Hill 1983) . The heaviest orographic rains often occur within potentially unstable warm sectors of extratropical cyclones that do not contain significant largescale lift, because the potential instability is preserved until acted upon by orographic lift (e.g., Lowndes 1968; Browning et al. 1974) .
Because both of these mechanisms involve orographically forced ascent, it is commonly known that moist flow ascending a mountain barrier (i.e., upslope flow) will typically enhance precipitation along the windward slope of that barrier, and that the amount of precipitation that falls is related to the magnitude of the upslope flow. The dependence of orographic precipitation on upslope flow is borne out in a variety of orographic precipitation modeling studies (e.g., Collier 1975; Bell 1978; Rhea 1978; Alpert and Shafir 1989, 1991; Sinclair 1994 ) that show orographic precipitation and its mesoscale distributions are generated largely by horizontal flow impinging upon windward mountain slopes. A variant of the Rhea (1978) orographic precipitation model has been coupled with operational three-dimensional model output to forecast wintertime precipitation across the mountainous western United States. These precipitation forecasts are based on the magnitude of the predicted flow (at 50-mb increments, from 1000 to 450 mb) aligned along the wind direction at 700 mb impinging upon the mountain barrier, when sufficient moisture is present. Previous observational studies have also shown a primary dependence of orographic precipitation on the upslope component of the flow (e.g., Nordø and Hjortnaes 1966; Hill et al. 1981; Hill 1983; Pandey et al. 1999) .
Clearly, the relationship between upslope flow and orographic precipitation is modulated on a case-by-case basis by a variety of factors, including the ambient thermodynamic stratification and resulting dynamics of the atmospheric flow over or around orographic obstacles, the availability of moisture, latent heat release, the efficiency and timescale of hydrometeor generation, and the downstream advection of those hydrometeors (e.g., Sawyer 1956; Smith 1979) . Nevertheless, the modeling results cited above suggest that, on the simplest level, orographic precipitation is the product of moist, terrainfollowing flow. Therefore, given the availability of CALJET wind profiler data, it must be asked if a meaningful statistical relationship exists between high temporal resolution (1 h) observations of upslope flow and orographic rainfall within winter storm environments, irrespective of these other factors? If so, is this relationship impacted by differing terrain characteristics and weather regimes, and by wind measurements at different heights? Observational studies by Nordø and Hjortnaes (1966) and Hill et al. (1981) partially address the first question. Nordø and Hjortnaes show a linear dependence of winter precipitation in Norway's mountains on surface geostrophic upslope flow at the coast using data over a multiyear span. However, their data are temporally coarse (Ն12-h resolution), and their study does not consider the onshore flow above the often-blocked boundary layer along Norway's coast. Hill et al. show a direct relationship between the magnitude of the lowlevel onshore flow measured by rawinsondes 600 m above the coast of Wales and wintertime orographic rain-rate enhancement in the shallow hills downwind. However, they used only 14 data points of wind speed versus rain-rate enhancement, thus limiting the statistical significance of their findings. These data points were based on events ranging from 1.7 to 10.0 h duration, thus introducing additional uncertainty to their results, since the magnitude of rain rate is typically inversely proportional to the duration of the event. They applied a power regression fit to their data, which is not physically plausible in strong onshore flow where the inferred rain rate becomes unrealistically large. The observational study by Pandey et al. (1999) took an additional step by considering the relationship between the horizontal moisture flux orthogonal to the Sierra and orographic precipitation. However, their study is based on data taken only at mandatory levels between 850 and 300 mb on a daily basis. To more fully address the questions posed above, we applied a linear regression analysis technique to ϳ1000 hourly CALJET wind-profiler wind profiles taken along California's coast and companion rain gauge observations in the downstream quasi-linear coastal mountains during landfalling winter storms. This approach provided the opportunity to adequately evaluate the simple linear relationship between coastal upslope flow in the lowest 4 km of the troposphere and mountain rain rate at three locations with differing coastal terrain characteristics. Unlike earlier upper-air observational studies of orographic precipitation that used either a small sample of multihour wind data at a single level or used daily moisture-flux calculations at coarsely spaced multiple levels for high mountain barriers, our study utilizes a continuous stream of ϳ100-m-vertical-resolution hourly profiles of horizontal wind to determine the layer of upslope flow that optimally modulates rain rates in California's shallow coastal mountain ranges. As we will show, this layer is situated well above the surface. On the other hand, it is considerably lower than that used for obtaining the direction of flow in Rhea's (1978) operational orographic precipitation model, and it resides beneath the lowest level used by Pandey et al. (1999) to observationally assess the upstream impacts on orographic precipitation in the high Sierra. We also utilized the profiler observations to explore the impacts of terrain-modified lower-tropospheric flows on rainfall behavior in the coastal zone, and to investigate the modulation of mountain rain rates by landfalling low-level jets where low-level moisture tends to be concentrated. Unfortunately, wind profilers lack the thermodynamic and moisture information needed to comprehensively address all aspects of orographic precipitation enhancement. Nevertheless, our profiler-based study follows a primary recommendation offered by the Mountain Meteorology Prospectus Development Team of the United States Weather Research Program (Smith et al. 1997) , namely, to explore and develop techniques for improved observations of orographic precipitation. Like CALJET, the Mesoscale Alpine Programme (MAP; Bougeault et al. 2001 ) explored orographic precipitation; however, it focused on the more complex alpine environment and thus required an emphasis on three-dimensional aspects of the problem that were not a central issue in the CAL-JET experiment.
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Observing systems and basic data processing
During its field phase in the winter of 1997/98, the CALJET program deployed and utilized an extensive suite of mobile and anchored observing platforms across its experimental domain over the data-sparse eastern Pacific Ocean and in California (Ralph et al. 1998) . This suite included a NOAA P-3 research aircraft (e.g., Jorgensen 1984; Jorgensen and Smull 1993 ) that documented tropospheric conditions offshore of California and an array of 12 915-MHz radar wind profilers (Ecklund et al. 1988 ) deployed along California's coast by NOAA's Environmental Technology Laboratory (ETL). These profilers routinely provided hourly averaged vertical profiles of horizontal wind velocity from ϳ0.1 to 4.0 km above ground with 100-m vertical resolution in clear, cloudy, and precipitating conditions. The hourly averaged winds were calculated from measurements made about every 6 min. The subhourly measurements and hourly averaged winds were objectively edited using the vertical-temporal continuity method of Weber et al. (1993) . Wind data measured by a collocated surface meteorological tower at each profiler extended the hourly wind profiles down to the surface. Each profiler site was also equipped with a tipping-bucket rain gauge that measured rainfall every 2 min with 0.01-in. (ϳ0.25 mm) resolution. Two-minute surface measurements of temperature, moisture, and pressure were also taken at each site. Another key component of this observational suite was California's operational ALERT (automated local evaluation in real time) network of ϳ900 rain gauges that provided measurements of rainfall with 0.04-in. (ϳ1.0 mm) resolution as frequently as every 15 min. A brief description of this heterogeneous network is provided in Mendell (1992) . All rain-rate measurements were susceptible to wind-speed-dependent undercatchment errors that can range from 2% to as much as 20% (e.g., Yang et al. 1998; Groisman et al. 1999) .
Four of these profilers and collocated rain gauges, plus two additional rain gauges from the ALERT network, composed three observing couplets in northern, central, and southern California that are the centerpiece of this study (Figs. 1 and 2, Table 1 consisted of a coastal site and a mountain site that were separated by ϳ10-30 km. The coastal sites ranged from 3 to 12 m MSL and the mountain sites were at 475-1021 m MSL. The northern couplet had a wind profiler at each site, and the central and southern couplets each had an ALERT rain gauge at their mountain site. Our study also utilized data from a fifth wind profiler, located on the Farollon Islands (FNI in Fig. 1 ), to measure tropospheric winds ϳ70 km offshore of the northern couplet.
Because the profilers were configured to routinely provide quality-controlled wind velocity data on an hourly averaged basis, and based on the rationale described in section b of the appendix, the analyses presented in the body of this study utilize hourly averaged wind-profiler and rain gauge data. The time series of these hourly wind velocity data at each range gate (including surface winds), and hourly rain-rate data, were subjected to one pass of a 1-2-1 temporal Hann filter to obtain a mean characterization of the winds and rainfall while reducing measurement uncertainties. This filtering procedure removed the 2-delta (i.e., 2-h) temporal variability, a time interval that is much smaller than the duration of the shortest-lived rain events treated in this study (i.e., 15 and 8 h for the case-study and winterseason events, respectively).
Methodology for deriving correlation coefficient
profiles of upslope flow versus rain rate
a. Basic theory
To establish the statistical relationship between maritime air ascending a coastal mountain barrier and rainfall rates observed in those mountains, we first adapted the formulation for rain rate derived in Alpert (1986) . This adaptation essentially equates the upward flux of water vapor with rain rate R for steady-state conditions, thus yielding
where and are the layer-mean air density and water q vapor mixing ratio, respectively, and V · ١Z s represents the horizontal wind flowing over the mean mountain slope whose height is defined as Z s . Eq. (1) assumes rain rate is minimally impacted by evaporation, orographically forced ascent is appreciably larger than synoptic ascent, and hydrometeor generation is instantaneous and 100% efficient. While the impact of evaporation was minimal for the rain events analyzed in this paper (i.e., the lower and middle troposphere were es- sentially saturated in each of these storms), this is not necessarily the case for all rain events in California's coastal mountains. In addition, the impact of evaporation can be significant in arid mountainous regions. Regarding the second assumption, while it is generally true that synoptic ascent is much weaker than orographically forced ascent, some of the events analyzed in this study were associated with landfalling fronts that contained narrow bands of heavier rainfall. In these narrow bands, the magnitude of mesoscale ascent can approach that of orographically forced ascent, especially if the upslope component of the flow is simultaneously weak. Hence, these transient mesoscale features introduced uncertainty in the application of Eq. (1). Perhaps the largest potential source of error utilizing Eq. (1) is tied to microphysics. The efficiency of hydrometeor generation for orographic precipitation is often less than 100% and is scaled to mountain height (e.g., Myers 1962; Elliot and Hovind 1964; Browning et al. 1975 ). Elliot and Hovind (1964) show an efficiency of only 17.4% in stably stratified flow impacting California's Santa Ynez coastal mountains.
For simplicity, our three observing couplets were chosen because the nearby coastal mountains were quasitwo-dimensional. Hence, assuming two-dimensionality, Eq. (1) reduces to:
where U‫ץ‬h/‫ץ‬s is the orographically forced ascent associated with the barrier-perpendicular (i.e., upslope) component of the flow (U) ascending the two-dimensional barrier slope (‫ץ‬h/‫ץ‬s). Because thermodynamic soundings were not launched frequently during CAL-JET, this study was not able to obtain the layer-mean air density and water vapor mixing ratio profiles with the same rapid temporal resolution as the wind profiler observations (i.e., at least hourly). Therefore, we statistically examined the linear proportionality that relates the upslope component of the flow to rainfall rate:
where the terrain in the vicinity of each couplet possesses a characteristic steepness (Table 1) . Measurements of hourly averaged upslope flow were obtained by the profilers at the coastal sites, and hourly rain rates were measured there and in the high terrain immediately downstream of the profilers.
b. Determining the upslope component of the flow
The first step toward calculating the hourly averaged upslope component of the flow from wind profiler observations was to assess the two-dimensional terrain orientation at each of the three observing couplets. This exercise was performed based on the detailed base maps shown in Figs. 2a-c. We subjectively chose the dominant quasi-linear terrain orientation possessing long-axis continuity of ϳ30-60 km in the vicinity of each couplet. These orientations are summarized in Table 1 and yield barrier-perpendicular directions of 230Њ, 225Њ, and 195Њ at the northern, central, and southern couplets, respectively (Fig. 2) . Note that the direction at the southern couplet is oriented orthogonal to the abrupt and highly two-dimensional Santa Ynez Mountains just north of Goleta, California (GLA) rather than perpendicular to the taller but less organized mountains north of San Marcos Pass, California (SMC) (Fig. 2c) . Vertical profiles of upslope flow U(z) at each observing couplet were then calculated from the wind velocity profiles measured by that couplet's coastal wind profiler, based on the magnitude of the flow aligned perpendicular to the barrier.
c. Rationale for site selection and case selection
Correlation analyses of upslope flow measured by the coastal profilers versus rain rate observed in the downstream coastal mountains were performed at each of the three observing couplets, as will be described in section 3d. The three couplets possessed differing physiographic attributes ( Fig. 2 ; Table 1 ) and were chosen to assess the impact of these differences on the correlation results. Though the mean barrier orientation is similar at the northern and central couplets, the barrier is taller, steeper, and more two-dimensional at the central couplet. Moreover, though the height, steepness, and two-dimensional character of the terrain are similar at the central and southern couplets, the barrier orientations are markedly different. It should be noted that detailed differences in the siting of the mountain rain gauges relative to the local mountain peaks (e.g., the central gauge was near the crest of the mesoscale terrain while the southern gauge was well below) could impact our statistical results.
The correlation analyses are divided into case-study and winter-season perspectives. The winter-season methodology and results are presented in section 5. The case-study approach is described here, and the results from the seven cases listed in Table 2 are presented in section 4. Each case was characterized by substantial total rainfall at the mountain site (ranging from 42.03 to 210.17 mm) and a duration of at least 15 h. Highamplitude, long-lasting cases were chosen to increase the likelihood that significant rainfall was generated by orographic ascent, and to provide statistically significant correlation analyses based on a sufficient sample size. Each case commenced shortly (i.e., Ͻ2 h) before rain started falling at the mountain site and ended shortly after the rain ended at the mountain site, with two exceptions. The end of the unblocked case at the central couplet coincided with a major change in the synoptic rainfall distribution at that couplet (i.e., the onset of intense cold-frontal rainfall), and the end of the blocked case at the southern couplet coincided with a floodinginduced failure of the coastal wind profiler.
d. Correlation coefficient analysis
Because Eq. (3) contains a linear proportionality between upslope flow U and rain rate R, a least squares linear regression fit was applied to time series of U observed at the altitude of each wind-profiler range gate and corresponding time series of R measured in the downstream coastal mountains, thus yielding a vertical profile of correlation coefficient r(z) for each case. These correlation profiles extended from the surface to 4 km MSL, and they are based on routinely available, hourly averaged wind-profiler measurements of upslope flow in 500-m-thick layers (and at the surface) and hourly observations of rainfall; wind velocities that contained a downslope component (i.e., U Ͻ 0 m s Ϫ1 ) were excluded from the correlation analysis at that height. The rationale for utilizing these temporal and vertical averages is provided in the appendix. The interpretation of these correlation results is subject to inaccuracies due to the working assumptions described in section 3a and because 1) the mountain barrier is not fully two-dimensional, 2) it takes a finite amount of time (though typically less than ϳ15 min) for conditions to propagate from the coastal profilers to the mountain rain gauges, 3) the profiler-rain gauge couplets are not necessarily perfectly aligned with the mean flow, and 4) the wind and precipitation fields may exhibit spatial inhomogeneities. Nevertheless, our linear methodology is supported by the observational results of Nordø and Hjortnaes (1966) . They explored the dependence of mountain precipitation in Norway on the upslope component of the surface geostrophic flow and found that most of the explained variance between these variables was linear.
Though our correlation technique is based on a linear dependence of rain rate on upslope flow, thermodynamic factors such as moisture, static stability, and potential instability can also affect the rain rate. Because we did not launch frequent thermodynamic soundings during CALJET with the same finescale temporal resolution (i.e., ϳ1 h) as the wind-profiler observations, this study could not fully link these factors to the rain rates observed in the coastal mountains. A bivariate linear correlation analysis of upslope flow and moisture versus rain rate was carried out based on Eq. (2), but we were forced to use surface measurements of hourly water vapor mixing ratio rather than tropospheric values. The correlation analyses to be presented in this paper were not improved by the inclusion of the surface moisture data (not shown), either because the surface measurements were unrepresentative of conditions aloft or because the low-level moisture flux affecting the orographic precipitation was not greatly affected by variations in low-level mixing ratios during the rain events. This latter hypothesis is supported by the fact that the magnitude of low-level upslope flow can range between 0 and 20 m s Ϫ1 during individual rain events whereas concurrent surface mixing ratios vary by less than 25% (typically between about 8 and 10 g kg Ϫ1 ; not shown), that is, the moisture flux is determined largely by the magnitude of the upslope flow. The strength of the ambient static stability can modulate the magnitude and direction of the low-level flow as it approaches the orography (e.g., Smith 1979; Pierrehumbert and Wyman 1985; Smolarkiewicz and Rotunno 1990) , which can then modify the precipitation distributions in and near the high terrain (e.g., Dunn 1987; Peterson et al. 1991; Sinclair et al. 1997; Doyle 1997; Yu and Smull 2000) . A statistical connection between terrain-modified lowlevel flows and rain rate is offered in this paper. Static stability and potential instability are intimately coupled, though adequate exploration of the statistical relationship between potential instability and rain rate was not possible because of a lack of supporting thermodynamic data with high temporal resolution. * The analysis in section b of the appendix utilizes a 33-h subset within this temporal window, from 1200 UTC 11 Jan to 2100 UTC 12 Jan 1998.
a. Unblocked cases
The unblocked cases possessed the following common attributes:
1 1) each event occurred primarily within the moist warm sector of a transient extratropical cyclone where the synoptic forcing was weak, 2) most of the rain at each mountain site fell within the warm sector, and 3) the low-level flow was not strongly deflected by the terrain. The rainfall ratio between the mountain and coastal sites at each couplet was considerably greater for each unblocked event than for the winter season (Table 2) , thus highlighting the importance of orographic rainfall enhancement in California's coastal mountains in these conditions. The release of potential instability by orographically forced ascent likely contributed to this large enhancement, since maritime warm sectors frequently possess low-to midlevel potential instability that is triggered by orographic lift, thus producing heavy mountain rains (e.g., Lowndes 1968; Browning et al. 1974; Hill and Browning 1979; Hill 1983 ). In situ observations from NOAA's P-3 research aircraft offshore of the central couplet on 2 February 1998 (not shown) confirmed the presence of potential-instability laminae in the warm sector below ϳ4 km MSL.
The time-height section of hourly averaged winds and upslope isotachs from the northern couplet at BBY (Fig. 3a) shows exclusively upslope-component flow for the duration of the 42-h event. The strongest low-level upslope flow occurred in two periods within the warm sector: following the warm-frontal passage and preceding the cold front. The warmest equivalent potential temperature e at the surface was observed in the moist warm sector (Fig. 3a , bottom panel). Diverging time series traces of accumulated rainfall at Cazadero, California (CZD) and Bodega Bay, California (BBY; Fig.  3a ) highlight the orographic rainfall enhancement that occurred in the coastal mountains. Coastal measurements of the layer-mean upslope flow at BBY between 0.6 and 1.1 km MSL at each hour were combined with the corresponding mountain rain-rate observations at CZD into a scatterplot diagram (Fig. 3b) . This diagram, which represents the layer of maximum correlation coefficient for this case, reveals a correlation coefficient of 0.880 and a linear regression slope of 0.91. Applying this same regression technique to each 500-m layer (and to the surface) of the 42 wind profiles yields the correlation profile in Fig. 3c . This profile shows a robust correlation between the upslope flow in the lower troposphere at BBY and the rain rate in the coastal mountains at CZD. The correlation is maximized just above mountaintop (i.e., ϳ0.65 km MSL) and then decreases significantly with height above ϳ1.2 km MSL, thus revealing that the rain rate was optimally related to the magnitude of the upslope flow slightly above mountaintop. The surface flow was also a useful indicator of mountain rain rate (i.e., a surface correlation coefficient of 0.656).
At the central couplet, the Piedras Blancas, California (PPB) profiler observed the temporal descent of warmfrontal, upslope-component shear from ϳ3 km MSL at 1200 UTC 2 February to the surface 6 h later, followed by enhanced upslope flow in the high-e warm sector (Fig. 4a) . A nearly 8:1 ratio in rainfall between Three Peaks, California (TPK) and PPB (Fig. 4a) highlights the orographic rain enhancement that occurred during this event. The scatterplot diagram of upslope flow at PPB versus rain rate at TPK for the layer of maximum correlation (Fig. 4b ) yields a correlation coefficient of 0.939 and a regression slope of 1.19. This slope is larger than that at the northern couplet, a result that is physically consistent with the fact that the terrain is steeper at the central couplet (Table 1) , that is, a larger fraction of the upslope flow is deflected vertically to produce heavier rain at the central couplet. The vertical profile of correlation coefficient for upslope flow at PPB versus rain rate at TPK (Fig. 4c, solid line) shows a large correlation below mountaintop, then a sharp decrease with height aloft. Because this case represents an extreme example of orographic rainfall variation between the mountains and the coast, we also calculated the correlation profile for upslope flow versus rain rate at PPB (Fig. 4c, dashed line) . Not surprisingly, the magnitude of the low-level upslope flow at PPB was not correlated well with the rain rate at this site (i.e., the terrain did not affect rainfall at PPB, only in the downstream coastal mountains).
Profiler observations from the southern couplet at GLA on 23 February (Fig. 5a ) mirrored those from farther north, that is, the strongest low-level upslope flow was observed in the high-e warm sector. Though the rainfall ratio between the mountain and coastal sites was less than that observed at the other couplets, this value still represents a larger-than-average ratio for this couplet ( Table 2 ). The scatterplot of upslope flow at GLA versus rain rate at SMC for the layer of maximum correlation (Fig. 5b) yields a correlation coefficient of 0.874 and a regression slope of 1.52. This slope is the largest of the three couplets, as is the terrain steepness. The vertical structure of the correlation profile at the southern couplet (Fig. 5c) , and the magnitude of the correlation values at low levels, are comparable to what was obtained at the northern two couplets.
For each unblocked event, we estimated the efficiency of hydrometeor generation associated with orographic lift. This was accomplished by dividing the mean rain rate observed at each mountain site by the mean rain rate calculated from Eq. (2) using the mean barrier
steepness at each couplet (Table 1) and representative thermodynamic and kinematic observations for that event. This exercise was carried out only for the unblocked warm-sector cases where orographic lift was the dominant forcing mechanism for generating rainfall in the coastal mountains. Thermodynamic data at the northern couplet were obtained from the surface mountain site at CZD. At the central couplet, thermodynamic data were acquired from NOAA's P-3 research aircraft and from rawinsonde soundings at Vandenberg and Oakland, California. A Vandenberg sounding was used for the case at the southern couplet. At each couplet, a timeaveraged, layer-mean value of upslope flow below mean mountaintop height was determined from the coastal wind-profiler and surface data. The rain-rate efficiency differed only slightly from couplet to couplet, ranging from 17.2% at the southern couplet to 19.0% at the northern couplet, thus suggesting that microphysical processes were similar above the different coastal mountain ranges and that the statistical results from these couplets can be intercompared. These values mirror the 17.4% efficiency obtained in Elliot and Hovind (1964) for stably stratified flow impacting the Santa Ynez coastal mountains in the vicinity of the southern couplet, thus providing further evidence of the common character of the microphysics above the coastal mountains. Given that the maximum correlation of upslope flow versus rain rate was very large for each case, it is likely that the microphysics at each couplet also did not change appreciably during the course of each event.
b. Blocked cases
Mountains can have a profound impact on the lower troposphere via ''upstream blocking,'' including the deflection of low-level flow upstream, and below the top, of mountain ranges (e.g., Bell and Bosart 1988; Colle and Mass 1995) . Blocking commonly results in the formation of a barrier jet below mountaintop that parallels the long axis of quasi-two-dimensional high terrain (e.g., Parish 1982; Overland and Bond 1995; Doyle 1997 ) such as California's coastal mountain ranges. Another manifestation of blocked flow is a layer of enhanced static stability that caps the barrier jet and slopes downward to the surface immediately upstream of the mountains (e.g., Overland and Bond 1995; Doyle 1997) , resulting in a terrain-induced baroclinic zone in California's coastal zone. The sloping isentropes within this zone represent a secondary orographic forcing mechanism for precipitation, thus producing rainfall enhancement upstream of the coastal orography (Doyle 1997) . A similar upwind redistribution of precipitation by blocked flows has occurred in association with many mountain ranges worldwide (e.g., Grossman and Durran 1984; Dunn 1987; Peterson et al. 1991; Sinclair et al. 1997) .
This subsection presents a case-study correlation analysis from each of the three couplets for blocked flow conditions (Table 2) . Unlike the unblocked warmsector cases, the blocked cases contained shallow flow that was oriented roughly parallel to the mountain barrier for the duration of the event, with weak downslopecomponent flow commonly observed at the lowest levels (Figs. 6a-8a ). In addition, each blocked case possessed barrier-jet characteristics near or below mountaintop (terrain-parallel isotachs not shown). At each of the three couplets the mountain-to-coast rainfall ratio for the blocked cases was considerably smaller than that for the unblocked cases and for the CALJET winter season ( Table 2 )-comparisons that support the assertion that isentropic lift over a shallow blocked air stream resulted in significant rain at the coast. Surface traces of e are not shown, because the surface conditions were decoupled from transient features above the shallow blocked flow.
The correlation profile at each couplet for blocked conditions (solid curves in Figs. 6b-8b) has its largest value just above mountaintop and then decreases with height above this maximum, similar to what occurred in the unblocked events (dashed curves in Figs. 6b, 7b, and 8b). Peak correlation coefficients for the blocked and unblocked events range over 0.761-0.832 and 0.874-0.939, respectively. The smaller peak values, together with the smaller rainfall ratios, for the blocked cases suggest that the shallow blocked air masses reduced the impact of mountaintop upslope flow on rainfall in the coastal mountains. Below mountaintop, the correlation values for blocked conditions generally decreases with decreasing height, because the lowest levels contained mostly terrain-parallel or weakly downslopecomponent flow. In stark contrast, the unblocked events maintain high correlations below mountaintop, because the upslope flow in these events extended downward toward the surface.
c. A case of complex flow at the northern couplet
To investigate the statistical relationship between upslope flow and rain rate on a case-by-case basis across a broad spectrum of events, we also applied the correlation analysis technique to data from the northern couplet on 5-6 February 1998. This lengthy case was characterized by a complex series of frontal passages and alternating periods of shallow blocked and unblocked flow (Fig. 9a) . Because this case exhibited a variety of low-level flow regimes that commonly impact the northern couplet, it is not surprising that the mountain-to-coast rainfall ratio for this event (i.e., 2.16:1; Fig.  9a ) mirrored that for the CALJET winter season ( Table  2 ). The correlation coefficient profile for this case (Fig.  9b) contains a maximum value of 0.877 at 0.85 km MSL or slightly above mountaintop, similar to the magnitude and altitude of the correlation maxima diagnosed during the unblocked and blocked cases at the northern couplet. The correlation coefficient for this event is small at the surface, where only a small fraction of hourly surface Fig. 3c (dotted) . The mean mountaintop height of the neighboring coastal mountains is also shown. winds contained an upslope component. A mesoscale and microphysical description of this event is found in Ralph et al. (1998) and White et al. (1999) . Comparable events of extended duration did not occur at the two other couplets.
Winter-season statistical assessment
Case studies highlight characteristics unique to those cases, but they are not necessarily representative of mean behaviors over extended periods of time. Therefore, to extend the statistical significance of the casestudy results, we examined the linear relationship between upslope flow and rain rate at each observing couplet for the entire CALJET winter season. CALJET serendipitously coincided with a strong El Niño episode that may have contributed to the record rainfall and numerous rain events observed across much of coastal California (Livezey et al. 1997 ) during the winter of 1997/98. Hence, the fortuitous timing of CALJET proved ideal for generating these winter-season statistics. We examined the rainfall database from late November 1997 through March 1998 and chose events at each mountain site that we deemed significant, that is, at least 12.5 mm rainfall and 8 h duration. These minimum criteria were chosen to increase the likelihood that rain events yielded significant total rainfall attributable to orographic ascent. For the northern couplet, a total of 25 cases spanning 468 h fit these criteria (Table  3) . This 25-case inventory was representative of rainfall behavior at the northern couplet for the entire winter season because two-thirds of the rainfall for the entire season was captured at BBY and CZD during this inventory, and because the rain ratio between CZD and BBY for this inventory (2.20 : 1) was nearly identical to that for the entire winter season (2.22 : 1). For the central couplet, 20 cases representing 362 h of data were compiled (Table 4 ). The inventory for the southern couplet comprised 9 events spanning 145 h ( Table 5 ). As at the northern couplet, these inventories were representative of rainfall behavior for the winter season. When a coastal profiler was inoperative during a rain event that met the criteria outlined above, the event was not included in a winter-season inventory. These inventories contain data from landfalling storms with widely differing synoptic characteristics, from openwave warm-sectors to deeply occluded frontal passages.
A winter-season profile of linear correlation coefficient was calculated for each couplet. To generate each profile, all of the hourly rain-rate observations and cor- 1997 -31 Mar 1998 . Events of less than 12.5-mm total rainfall and less than 8-h duration at the mountain site were excluded from the inventory. responding upslope-flow measurements (i.e., U Ն 0 m s Ϫ1 ) from that couplet's winter-season inventory were first grouped together at each vertically averaged (i.e., 500-m thick) range gate and at the surface. Then, a correlation coefficient of upslope flow versus rain rate was derived for each range gate and at the surface, thus yielding a winter-season profile of correlation coefficient for that couplet. Because this statistical technique only used vertically averaged wind measurements that possessed an upslope component, a companion profile of the percent occurrence of upslope flow is also shown for each couplet.
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The winter-season correlation coefficient profile at the northern couplet (Fig. 10) with the fact that the fractional occurrence of upslope flow decreased from 100% near mountain top to only 53% at the surface, are suggestive of BBY's susceptibility to a variety of shallow terrain-modulated flows forced by the locally complex orography .
The winter-season correlation coefficient profile at the central couplet (Fig. 11 ) exhibits its largest values (i.e., 0.677-0.692) in the layer between 0.55 and 1.45 km MSL. Above this broad maximum, the correlation coefficient decreases significantly with height similar to that observed at the northern couplet, though the initial significant decrease in correlation coefficient with height at the central couplet occurs at a higher altitude than at the northern couplet. This vertical offset is consistent with the difference in terrain height at the two couplets. Unlike at the northern couplet, however, the correlation at the central couplet remains relatively large below mountaintop. Furthermore, the surface winds at the central couplet possessed an upslope component 16% more often than at the northern couplet. These results suggest that the lower troposphere here was less susceptible to terrain-modulated flows than at the northern couplet, even though the terrain orientation at the two couplets was similar (Table 1) .
The winter-season correlation coefficient profile at the southern couplet (Fig. 12) has a peak value of 0.560 at 0.85 km MSL, or 200 m below mean mountaintop. Above and below this peak, the correlation decreases steadily. Despite the disparity in mountain-barrier ori-
13. Vertical profiles of winter-season linear correlation coef based on hourly averaged profiles of upslope flow at the coast vs hourly rain rate in the mountains for the northern couplet (N: bold solid), the central couplet (C: medium solid), and the southern couplet (S: thin solid). The mean mountaintop height of the neighboring coastal mountains for each couplet is also shown (relative line-weight convention same as for the correlation coef profiles). The solid squares correspond to the linear correlation coef based on hourly averaged upslope flow in the 0.6-1.1 km MSL layer at the coast vs hourly rain rate at the collocated wind-profiler sites at the northern, central, and southern couplets (large, medium, and small sizes, respectively).
entation between the southern couplet and the two other couplets (Table 1) , the vertical structure of the correlation profile at the southern couplet is similar to its northern counterparts. However, given that upslope flow at the southern couplet's coastal site at GLA decreased from nearly 100% occurrence at mountaintop to only 35% at the surface (i.e., the smallest fractional occurrence of the three couplets), and based on a comparison of winter-season profiler data at GLA with companion profiler data at Santa Catalina and San Clemente Islands offshore of Los Angeles (not shown), the ambient southerly flow approaching the southern couplet was deflected by the terrain more frequently and more significantly than at the two other couplets. Despite the prevalence of blocking here, the surface upslope flow at the southern couplet is more positively correlated with mountain rain rate than at the other couplets where blocking was less pronounced. It is unclear precisely why the southern couplet exhibits the largest surface correlation coefficient, though it may be related to the west-east orientation of the barrier at this couplet versus the northwestsoutheast orientation of the barrier at the other couplets.
The winter-season correlation coefficient profiles from the three couplets are displayed together in Fig.  13 . The maximum winter-season value at the northern, central, and southern couplets is a modest 0.644, 0.692, and 0.560, respectively; that is, only 41%, 48%, and 31% of the variation in rain rate is accounted for by a linear relationship with the magnitude of the upslope flow at the height of maximum correlation. These modest values are not surprising, given that the winter-season composites include cases where orographic forcing was not the dominant mechanism for producing rainfall. Significantly, however, the winter-season correlation coefficient profiles demonstrate clearly that the rain in the coastal mountains was optimally tied to the magnitude of the upslope flow near mountaintop rather than at the surface or in the middle troposphere. These winter-season profiles also strongly resemble the case-study profiles presented earlier, with the exception that the peak correlation values in the case-study examples attribute as much as 88% of the rain-rate variation to linear changes in the magnitude of the upslope flow.
The winter-season correlation maximum is largest at the central couplet and smallest at the southern couplet, consistent with the winter-season rainfall characteristics observed at these couplets (Table 2) . Specifically, the winter-season rainfall ratio between the mountain and coastal sites was largest at the central couplet and smallest at the southern couple; that is, the central and southern couplets experienced the greatest and least orographic rainfall enhancement in the mountains, respectively. The relative absence of low-level blocking at the central couplet likely contributed to the greatest orographic rain enhancement in the mountains and, hence, the largest peak correlation coefficient, because the lowlevel upslope flow directly ascended the mountain barrier. Conversely, the prevalence of low-level blocking at the southern couplet likely resulted in the smallest rainfall ratio and smallest peak correlation coefficient, because isentropic lift occurred over the blocked flow thus producing significant rain at the coast. Figure 13 also reveals that the correlation coefficients calculated from upslope flow 0.85 km above each coastal site and rain rate at the same coastal site are considerably less than the corresponding correlation coefficients based on upslope flow above each coastal site versus the rain rate at the downstream mountain site. In short, the low-level upslope flow observed above each coastal site is a much better indicator of rain intensity in the coastal mountains than at the coast.
Impact of landfalling low-level jets on rain rate at the northern couplet
A focal point of CALJET's observing strategy was to document the structure and physical processes in the low-level jet (LLJ) region ahead of landfalling cold fronts over the eastern Pacific Ocean, because it is believed that landfalling LLJs contribute to heavy orographic rainfall as they impact the windward slopes of coastal mountains (e.g., Browning et al. 1975) . During CALJET, a prominent LLJ was observed by NOAA's P-3 research aircraft during 10 flights offshore of California. Composite profiles of wind velocity and mois- ture through the LLJ were generated (Fig. 14) using flight-level and dropsonde observations from those flights. To construct the composites, a representative pre-cold-frontal sounding through the LLJ from each case was interpolated onto a 10-m-resolution vertical grid, and these gridded profiles were then averaged. The composite wind speed profile contains a LLJ of ϳ31 m s Ϫ1 centered at about 0.9 km MSL and a local minimum of ϳ26 m s Ϫ1 at about 1.8 km MSL. The companion wind-direction profile veers with height from southsouthwesterly near the ocean surface to southwesterly above the LLJ at ϳ2 km. The composite water vapor mixing ratio profile shows moist conditions (nearly 10 g kg Ϫ1 ) below ϳ300 m MSL, and a steady decrease of moisture with height aloft.
Despite the presence of well-defined LLJ characteristics over the open ocean, are LLJs readily observable at the coast or do they dissipate prior to landfall because of terrain blocking and enhanced friction in the coastal zone? If LLJs make landfall, do they modulate rainfall in California's coastal mountains? To answer these questions, we inspected the BBY profiler data from each of the 25 cases that composed the winter-season inventory at the northern couplet (Table 3) for evidence of a landfalling LLJ. We defined an LLJ as a maximum of total wind speed below 1.5 km MSL residing beneath a local minimum aloft. This low-level maximum was required to be at least 2 m s Ϫ1 larger than the minimum aloft. At least two consecutive hourly profiles meeting these criteria were required to generate a mean wind profile representative of an LLJ for that case. Based on these criteria, 18 of the 25 cases contained an LLJ episode (Table 6) , totaling 81 h of data. Composite wind speed, wind direction, and upslope-flow profiles were constructed (Fig. 15) by averaging the mean wind profiles from the 18 LLJ events. The composite wind speed profile contains an LLJ of nearly 18 m s Ϫ1 at ϳ1 km MSL, or only ϳ100 m above that of the offshore composite (Fig. 14) . However, the core speed within the coastal LLJ composite is Ͻ 60% of the magnitude of its offshore counterpart. Some of this difference may be due to the fact that the coastal and offshore composites were composed of different populations of LLJs, and that the P-3 flights from which the offshore composite was derived focused on the strongest events. It is also possible that at least part of this reduction in speed arose through enhanced frictional effects in the coastal zone. The composite wind-direction profile at BBY is rotated counterclockwise by ϳ25Њ below mean mountaintop relative to its offshore counterpart, thus suggesting that the coastal mountains may have deflected the low-level flow below jet level to a nearly terrainparallel orientation. The composite upslope-flow profile contains a local maximum of ϳ14 m s Ϫ1 at about the height of the composite LLJ and above the shallow terrain-deflected flow. Similar LLJ composite structure was observed at the offshore profiler at FNI (location shown in Fig. 1 ) and in the downstream coastal mountain profiler at CZD (composites not shown). * The LLJ was defined as a max of total wind speed below 1.5 km MSL residing beneath a local min aloft. This low-level max was required to be at least 2 m s Ϫ1 larger than the min aloft. At least two consecutive hourly profiles meeting these criteria were required to generate a mean wind profile for each case. To assess the impact of landfalling LLJs on rain rate in California's coastal mountains, the 81 h of profiler and rain-rate data from the LLJ inventory at the northern couplet (Table 6 ) were used to calculate vertical profiles of linear correlation coefficient and linear regression slope for the LLJ environment (Figs. 16 and 17, respectively) . The vertical structure of the correlation coefficient profile (Fig. 16 ) mirrored that of the correlation coefficient profile based on the 468-h winter-season inventory, i.e., a prominent maximum at 0.95 km MSL at the altitude of the LLJ flanked by much lower values. Companion profiles of percent occurrence of upslope flow were also similar for the LLJ and winter-season inventories. Significantly, the maximum correlation coefficient increased from 0.644 based on the winter-season inventory to 0.751 for the LLJ subsample, thus indicating that the linear relationship between upslope flow and rain rate is more robust in LLJ conditions than for the less restrictive winter-season inventory. The profiles of linear regression slope for the LLJ and winterseason inventories (Fig. 17) show a jet-level maximum of 0.92 mm h Ϫ1 [m s Ϫ1 ] Ϫ1 for the LLJ subsample that is approximately 50% steeper than for the winter-season inventory. Because the LLJ inventory yields a substantially more efficient rain-rate response at jet level than the winter-season inventory for a given increase in upslope flow, it is likely that the LLJ environment possessed more favorable thermodynamics (e.g., greater low-level moisture and larger potential instability) that allowed heavier orographic rains to develop and persist over the mountains during periods of enhanced upslope flow. A comparison of average rainfall characteristics between the LLJ and winter-season inventories support this assertion (Tables 3 and 6 ): the rain rate at CZD was 47% larger during the LLJ cases and the rainfall ratio between CZD and BBY was 13% larger.
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The orographic rain-rate enhancement at CZD associated with the composite LLJ profile at BBY was estimated, based on the assumption that the composite LLJ and its upslope maximum is a perturbation from a mean state that is devoid of the LLJ. A vertical profile of rainrate enhancement was calculated (Fig. 18 ) by multiplying the upslope perturbation at each level ( Fig. 15) with the LLJ-based linear regression slope at the same altitude (Fig. 17) . Because the upslope-flow perturbation is largest at the height of the LLJ and at the height of the steepest regression slope, the orographic rain-rate enhancement is also maximized at the altitude of the LLJ. This is also the altitude where the linear relationship between upslope flow at BBY and rain rate at CZD is statistically most robust. Though the maximum rainrate enhancement of 2.55 mm h Ϫ1 (Fig. 18) is not exceptionally large, it does represent 57% of the average rain rate of 4.50 mm h Ϫ1 at CZD for the LLJ inventory (or a total of 206 mm of rainfall; Table 6 ) and 83% of the average rain rate of 3.07 mm h Ϫ1 at CZD for the less restrictive winter-season inventory (Table 3) . Furthermore, persistent LLJ events can yield significant rainfall amounts. Individual events possessing a much larger LLJ perturbation than the composite can yield much greater rain rates associated with the LLJ. It should also be noted that the migration of LLJs into the coastal mountains should provide a temporal increase of upslope flow regardless of the vertical structure of the wind profile, thus yielding an additional rain-rate enhancement, though that topic of research is not covered in this paper. We plan to further explore the relationship between the LLJ environment and orographic rainfall in future research.
Discussion and conclusions
This observationally based study statistically linked rainfall rates in California's quasi-linear coastal mountains to the upslope component of the flow measured immediately upstream along the coast during the CAL-JET field program, using hourly averaged rain gauge and wind-profiler data from three observing couplets with differing coastal terrain characteristics. A least squares linear regression fit was applied to time series of upslope flow at each 500-m-thick vertically averaged wind-profiler range gate (and at the surface) and corresponding time series of rain rate measured in the downstream coastal mountains, thus yielding vertical profiles of correlation coefficient r(z) on a case-by-case basis, for the CALJET winter season, and for a composite of LLJ cases. These r(z) profiles extended from the surface upward to 4 km MSL, well above the highest coastal terrain.
The case-study, winter-season, and LLJ correlation coefficient profiles documented a direct linear relationship between the magnitude of the upslope component of the flow measured by the coastal wind profilers and the magnitude of the rain rate in the downstream coastal mountains. These profiles also pinpointed the layer of upslope flow that is optimally correlated to mountain rainfall. This layer was situated well above the surface, residing near mountaintop and at the altitude of the LLJs (ϳ1 km MSL), as is depicted in the conceptual schematic in Fig. 19 . It should be noted that this layer is much lower than the level of 700 mb (ϳ3 km MSL) used for obtaining the direction of flow in Rhea's (1978) operational orographic precipitation model and lower than the lowest level used to observationally assess the upstream impacts on orographic precipitation in the high Sierra by Pandey et al. (1999) . The seven case studies from the three couplets yielded maximum correlation coefficients between 0.761 and 0.939. Alternately stated, 58% to 88% of the variation in rain rate during these events was accounted for by a linear relationship with the upslope component of the flow at the height of maximum correlation. These large correlation coefficients provide strong observational evidence that the magnitude of upslope flow played a primary role in generating rainfall in California's coastal mountains on a case-bycase basis, that is, the simple relationship in Eq. (3) was largely applicable for describing the rain rate observed during these cases. In contrast, the maximum correlation near mountaintop for each winter-season profile was such that only 41%, 48%, and 31% of the rain-rate variation was attributable to linear changes in the magnitude of the upslope flow at the northern, central, and southern couplets, respectively. These modest values are not surprising, given that the winter-season composites included cases where upslope forcing was not the dominant mechanism for producing rainfall, that is, the linear relationship between upslope flow and rain rate was modulated significantly by other physical and/or dynamical processes. The variance for the LLJ events was a more robust 56%, thus suggesting that upslope forcing contributed more to the rainfall in LLJ conditions than for the entire winter season. Significantly, the vertical structure of the winter-season and LLJ correlation profiles mirrored that of the case-study profiles. Based on these correlation results, model forecasts of crest-level (ϳ1 km) winds within storm environments should be monitored closely to assess the likelihood of orographically enhanced rains in California's shallow coastal mountains.
The case-study and winter-season results provide evidence that shallow terrain-blocked flows modulated rainfall in California's coastal mountains (Fig. 19) . The case-study results yielded peak correlation coefficients of 0.874-0.939 and 0.761-0.832 for unblocked and blocked conditions, respectively. The average rainfall ratio between the mountain and coastal sites for these unblocked and blocked cases was 5.06 and 1.26, respectively. The smaller peak correlation coefficients and average rainfall ratio for the blocked cases suggest that the shallow blocked flows reduced the impact of mountaintop upslope flow on rainfall in the coastal mountains. Because the low-level flow (i.e., below mountaintop) during the blocked cases was oriented roughly parallel to the mountain barrier, the upslope component of the flow in this layer was poorly correlated with rain rates observed in the coastal mountains. From a winter-season perspective, the correlation maximum was largest at the central couplet and smallest at the southern couplet, consistent with the different winter-season rainfall characteristics observed at these couplets. Specifically, the winter-season rainfall ratio between the mountain and coastal sites was largest at the central couplet and smallest at the southern couplet; that is, the central and southern couplets experienced the greatest and least orographic rainfall enhancement in the mountains, respectively. The relative absence of low-level blocking at the central couplet (and for the unblocked cases) likely contributed to the largest rainfall ratio and largest correlation maximum, because the low-level upslope flow directly ascended the mountain barrier. Conversely, the prevalence of low-level blocking at the southern couplet (and for the blocked cases) likely resulted in the smallest rainfall ratio and smallest correlation maximum, because isentropic lift occurred over the blocked flow thus producing significant rain at the coast. Interestingly, the winter-season correlation coefficients near mountaintop were largest when rain rates were used from the coastal mountain sites rather than from the coastal sites, thus further highlighting the physical connection between upslope flow and rainfall in the coastal mountains.
A focal point of CALJET's observing strategy was to document the structure and physical processes in the LLJ region ahead of landfalling cold fronts over the eastern Pacific Ocean and along the California coast. This strategy provided the opportunity to explore the physical connection between LLJ structure impacting the coast and orographic precipitation enhancement in the coastal mountains. Landfalling LLJs produced the largest enhancement of upslope flow at jet level, despite the presence of terrain-modified flows below mountaintop during some LLJ events. The steepest increase in rainrate for a given increase in upslope flow (i.e., the steepest regression slope) also occurred at the altitude of the LLJ, as did the largest correlation coefficient. Therefore, the upslope-induced orographic rain-rate response associated with landfalling LLJs was maximized (2.55 mm h Ϫ1 ) and was statistically most robust at the altitude of those LLJs. It should be reiterated that the height of maximum correlation coefficient not only resided at the altitude of landfalling LLJs, but it also corresponded approximately to the top of the coastal terrain. Our study did not resolve the relative contributions of terrain height versus landfalling LLJs to this correlation maximum, and, therefore, it remains a ripe topic for future research.
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APPENDIX
Impacts of Vertical and Temporal Averaging on Correlation Coefficient Calculations
a. Optimizing vertical averaging
Using hourly averaged, Hann-filtered, wind profiler and rain-rate data from the seven case studies (Table 2) , we examine the sensitivity of the maximum correlation coefficient (within each of the seven correlation coefficient profiles) to changes in the vertical averaging resolution or layer-mean thickness of the profiles of upslope flow U. The vertical averaging resolution of the U profiles was changed in 100-m increments, from 100-m deep layers (i.e., single range gates) to 1500-m-deep layers (a vertical average of 15 range gates). For each averaging depth, the U profiles were subjected to overlapping running-mean vertical averages that retained the original 100-m vertical resolution of the wind profiles. Then, for each of the seven case studies, correlation coefficient profiles were calculated using each of the 15 different vertical averages. The stand-alone surface wind data were not included in these running-mean vertical averages. The maximum correlation coefficient from each of these profiles is summarized in Fig. A1 .
Other than the outlying case of 5-6 December 1997 from the central couplet, there is not a large sensitivity of maximum correlation coefficient to the layer-mean thickness of the upslope-flow range gates (Fig. A1 ). An average of the six remaining cases reveals a low-amplitude peak correlation for 500-and 600-m-deep layers. Hence, for this study we appied 500-m-deep, runningmean vertical averages to the profiles of upslope flow, excluding surface data. A 500-m layer is thick enough to remove finescale vertical perturbations and thin enough to retain meaningful vertical structures associated with frontal-and terrain-forced shear layers. The layer averaging also improves upon the mean characterization of the upslope flow while reducing measurement uncertainties. Layer-mean wind velocities that contained a downslope component were excluded from the correlation analysis at that height. Also, the lowest two range gates at PPB were not included in the 500-m layer-mean averaging because of intermittent seaclutter contamination.
b. Optimizing temporal averaging
Using data from the northern couplet and guided by the results in section a of the appendix, we used a 500-m-deep, layer-mean average of upslope flow between 600 and 1100 m MSL A1 from 11-12 January 1998 (see Table 2 ) to investigate the sensitivity of the correlation coefficient to changes in the temporal averaging resolution. The northern couplet afforded this opportunity, because the mountain site at CZD had a reliable rain gauge with 2-min resolution. This exercise also required the use of high-time-resolution (i.e., ϳ6 min) profiler data and the manual editing of these data. Unlike the relatively quick and automated quality control editing employed to obtain hourly averaged wind profiles, the manual editing applied to the 6-min wind profiles was very time consuming. To apply the correlation diagnostic to the high-time-resolution profiler data, the 6-min wind profiles could not contain large blocks of spurious data, and these data needed to span a large enough period of time to ensure a statistically significant sample size for averaging periods in excess of 2 h. The case of FIG. A2. Sensitivity of correlation coef (in the 0.6-1.1 km MSL layer) to the time averaged that was applied to wind-profiler and rain gauge data of the northern couplet between 1200 UTC 11 Jan and 2100 UTC 12 Jan 1998. Curves based on the running-mean and blockaveraging techniques are shown.
11-12 January 1998 fit these criteria and has therefore been used.
The sensitivity of correlation coefficient to temporal averaging period was examined using two averaging techniques: the running-mean and block-average techniques. For each averaging technique, the temporal averaging resolution of the upslope-flow (in the 600-1100-m layer) and rain-rate measurements was changed in 12-min increments, from a 6-min period (i.e., temporal averages of 1 and 3 wind-profiler and rain-rate observations, respectively) to a 138-min period (i.e., temporal averages of 23 and 69 wind-profiler and rainrate observations, respectively).
A2 For the running-mean technique, the data were subjected to overlapping running-mean temporal averages that retained the 6-min resolution of these wind profiles. The block-average technique simply averaged data from adjacent temporal bins that did not contain any overlapping data. The block-average technique has the advantage of mirroring the technique used to calculate the automated hourly wind profiles, though the running-mean technique provides more data points for the correlation calculations. We present the sensitivity of correlation coefficient to temporal averaging period using both techniques (Fig.  A2) .
The greatest sensitivity of correlation coefficient to temporal averaging period occurs for temporal averages less than 1 h, especially for the block-averaging tech-A2 As with the hourly averaged data, the time series of profiler winds and rain rate based on these subhourly averaged data were subjected to one pass of a 1-2-1 temporal Hann filter.
nique. As the temporal averaging period decreases from 1 h, the correlation coefficients degrade rapidly for at least four reasons. First, noise in the data increases for successively smaller averaging periods. Second, finescale features in the upslope flow and rain rate become resolvable, but the upslope flow measured at the coast may not be directly related to the rain rate measured in the downstream coastal mountains. Third, consideration of the advective timescale between the coastal profiler and the mountain rain gauge (e.g., 12.5 min for 20 m s Ϫ1 flow to advect 15 km inland) reveals that, for averaging periods of less than about 0.5 h, a time-lag regression likely becomes increasingly important to take into account the propagation of conditions from the coastal profiler to the mountain rain gauge. Fourth, the timescale of microphysical processes that form precipitation and the timescale of its fallout become increasingly important to consider for successively shorter time periods. As the averaging period increases beyond 1 h, then fewer data points are available to perform meaningful correlation analyses; that is, there is a trade-off between optimizing the temporal averaging period and having enough data points for a statistically meaningful correlation analysis. For all averaging periods greater than 6 min, the correlation coefficient is larger for the block-averaging technique than for the running-mean technique. Therefore, based on the results in Fig. A2 , we use the routinely available hourly averaged wind profiles for the correlation analyses. The hourly averaging period is also suitable for the temporal sampling of the ALERT rain gauges in the coastal mountains.
